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LAWRENCE BERKELEY LABORATORY 
UNIVERSITY OF CALIFORNIA 

A. TABLE OF ISOTOPES PROJECT 

E. Browne, J. M. H. Chong, J. M. Dairiki, D. P. Kreitz, C~ M. Lederer, 
T. Prussin, M. E. Schwartz, M. A. Sharp, and V. S. Shirley 

The publication of the seventh edition of the Table of Isotopes1 
in 1978 concluded a seven-year project involving a total effort of 
more than 50 man-years. Over 30,000 journal articles, reports, conference 
proceedings, private communications, and theses were used as source 
material for the 'present edition. In terms of both reference citations 
and data, the seventh edit~on is a factor of 4 times as large as the 
sixth; the complexity of the level scheme~ has increased even more--
by almost an order of magnitude. The literature cutoff varies from 
about January 1977, for the lightest mass chains, to December 1977, 
for the heaviest. 

The Table of Isotopes contains an extensive introduction which 
explains the scope,nomenclature, and evaluation policies used in 
the table. The authors' criteria for data selection are. based on a 
determination to present the best measurements--clearly indicating 
conflicting results and avoiding redundancy. 

The layout of the data in a single table (as opposed to the double­
table format of·the sixth edition) is described in Fig. 1, reproduced 
from the Introduction .of the Table of Isotopes. Data categories included 
in the tabulated listings are more fully delineated in the Contents 

,- --(Pig. 2). -- Several- signifi-cant changes--h-ave--been--introduced in the-­
present edition. Reported uncertainties are included for all quantities 
in tabular data listings. Smaller italic numbers following any value 
represent the uncertainty in the last place(s).A new reference-code 
format "journal volume page(year)" permits direct look-up of an article 
without the need to look up the code~ A brief (12-page) list of the 
reference codes replaces a full bibliography, which otherwise would 
have increased the seventh edition by about 300 pages. 

Figure 3 illustrates how a mass chain compilation .is presented 
in the Table of Isotopes; aport i on of the data for mass number A 

l= 202 is shown~ Sophlsticated computer facilities and extensive programming 
(described .in previous annual reports)2,3 have made it possible to 
present the data in a variety of type sizes, styles, and intensities. 
The pages are thumb-tabbed by mass number for rapid data access. 

This work was supported by the U.S. Department of Energy under 
contract No. W-7405-ENG-48. 
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Appendices include material of general interest to users of the, 
Table of Isotopes (see Contents, Fig. 2). Three of the appendices 
deserve further comment. Appendix II contains tables of convenient 
standards for calibration of y-ray, conversion-electron, and a-particle 
measurements. The y-ray standard tables, prepared with the assistance 

(Image size has 
been reduced to, 
conform to NDe 
format) 

Fig. 1. Description of 
data layout in the 
Table of Isotopes, 
from the Introduction. 
(XBL 786-9447) 

II, General Features of the Table of Isotopes 

ILA; Layout: An Isotope Index, ordered by atomic 
number' (Z) and subordered by mass number (A), 
precedes the main table. It contains all stable nuclei, 
radioisotopes, and Isomers that appear In the Table of 
Isotopes. (R-rated Isotopes - those Identified only In 
nuclear reactions - do not appear In the Isotope Index.) 
In addition to the Isotope designation, the Index Includes 
the natural abundance, half-life, class (certainty of 
Identification), and the number of the page on which the 
tabular data entry Is found In the main table. 

The main table Is ordered by mass number and 
subordered by atomic number. For each mass number 
there Is an abbreviated mass-chain decay scheme, 
showing lhe adopted half-lives, spin-parity 
assignments, and decay energies (Q-values) for the 
Isobars, and the decay relationships between them. 
Noted near this scheme are the Initials of the compller(s) 
and, following a semicolon, those of lhe reviewer. 

Following lhe mass-chain decay scheme, tabulated 
data and delalled nuclear level schemes are given for 
Individual Isolopes. Tabulaled data enlrles are Included 
for each ground state or Isomer with half-life ~1 s. A 
few shorter-lived Isomeric species are also Included -
e.g., fission Isomers and a few "historic' Isomers, such 
as Z4mNa. The data Include natural abundance, mass 
excess, nuclear spin, thermal neutron CrOss sections, all 
categories of dala on radioactive decay, and 
excited-stale half-lives. Data categories are shown lo 
the lefl In bold serif type. The data are printed In 
sans-serif (ploi n) lype. Each entry under a given data 
category concludes with the reference code or codes In 
braces U. Longer data enlrles (radiation data In 
particular) begin on a new line, Indented to the left of 
any continuation lines. 

Detailed level. schemes are given for each Isotope 
(A,Z) for which there Is Information beyond thal shown 
on the mass-chain decay scheme. The schemes are 
separated Into a "decay-level" scheme, showing levels 
and transitions observed In the decay of all parent 
Isotopes and Isomeric states, and a "reaction" scheme, 
summarizing the Information derived from nuclear 
reaction studies. Absence of a decay-level scheme, a 
.reactlon scheme, or both, means thal excited levels have 
not been observed or that the scheme Is not well 
eslabllshed. 

Decay-level schemes Include all levels eslabllshed In 
radioactive decay stUdies. Reaction schemes Include 
most levels observed In nuclear reactions; when It Is 
necessary to omit levels because of space limitations, 
the number of· omitted levels, the energy cutoff above 
which they occur, and (usually) the reactions which 
populate them are noled In a comment. Not Included are 
most neutron-capture resonances and other unbound 
stales (e.g., giant resonances); these stales are. generally 
outside the scope of the present compllatlon, with a few 
exceptions In the light-element region. Some 
references to unbound levels olher than neutron 
resonances are Included under 'other reactions' or 
"olhers". 

, 
,"" 

• 
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(Image size has been reduced to conform to NDC format) 

Contents 

Preface 

Introduction 

Changes Introduced In the 7th edition - general features of the Table of Isotopes -
detailed description of the datl!}istlngs and level schemes 

1. Isotope Index 

Isotopes by element - abundance - half-life - class - page 

2. Table of Isotopes 

Mass-chain decay scheme - natural Isotopic abundance :-' atomic mass excess -
spin - neutron cross section (capture and fission) - type of decay - genetic 
branching - half-life - class and means of Identification - means of production -
alpha, beta, neutron, proton, and gamma radiation data (energies, Intensities, 
Internal conversion coefficients) - angular and polarization correlations of 
radiations - half-lives of excited states - electron capture subshell'and capture to 
positron ratios - Internal bremsstrahlung endpoints - detailed level scheme 
(levels populated by radioactive decay) - detailed level scheme (levels populated 
by nuclear reactions) 

3. Reference-code List 

4. Appendices 

APPENDIX I. CONSI'ANTs AND CONVERSION FACTORS 
Fundamental constants - energy conversion factors 

APPENDIX II. NUCLEAR SPECTROSCOPY S1'ANDARDS 
Gamma-ray energies and Intensities - conversion-electron Intensities - Internal 
conversion coefficients - alpha-particle energies 

. APPENDIX III. ATOMIC LEVELS 
Electron binding, energies - K x-rays (e!lergles, relative Intensities, and 
nuorescence yields) 

APPENDIX IV. ABSORPTION OF RADIATION IN MA'rt'ER 
Half-thickness' for gamma-ray absorption - range and stopping power for 
~Ie!!t~ns - rangean.~t!!t,Q~plng.po_w_e1" Jor: heavy: che:rged_partlcles~ 

APPENDIX V. NUCLEAR DECAY RATES 
Specific activities - log ft values - 'K-capture to positron ratios - electron capture 
subshell ratios - alpha decay hindrance factors - photon transition probabilities 
and lifetimes - theoretical Internal conversion coefficients 

APPENDIX VI. THEORETICAL NUCLEAR LEVEL DIAGRAMS 

APPENDIX VII. TABLE OF NUCLEAR MOMENTS 

Index- 1-'9 

1-1523 

Reference Codes- 1-12 

Appendlces- 1-2 

Appenc!lces- 2-7 

<\ppendlces- 8-12 

Appendlces- 13-17 

Appendlces- 18-36 

Appendlces- 37-41 

Appendlces- 42-64 

Fig. 2. Table of Contents from the seventh edition of the Table of 
Isotopes. (XBL786-9448) 
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(Image size has been reduced to conform to NDC format) 
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Fig. 3a, b. A portion of the data for mass number A = 202 taken from 
the Table of Isotopes. Included is the mass-chain decay scheme which 
begins each A-chaln compilation, tabulated data listings for several 
of theA = 202 isotopes, and "decay-level" schemes, "reaction" schemes, 
and their references for 202Hg and 202Tl. Note the stackplotting 
of all y-ray transitions which proceed to the same final level in 
the 202Hg reaction scheme. (a) XBL 786-9445; (b) XBL 786-9446 

~I 



-5'-

(Image size has been reduced to conform to NDe format) 

I + 
4+ 

,::f.n: • 
:.:~~~: 
09 

.201Hg(n.,,) 
.to C"oul. ex. 
• 202Hg(d,d') 

~ levels - References 

Decay: PR CS 2107(72), NP.3 513(57) 
203t1(p,d): NO 85 561(71), PC70 Cleary; others: NP A170 187(71) 

9 3.62 h 

202~Pb 
EC 9.5% 

1 6756 O.30~ 7.5 
1 ~21 2.3" 5.8 

1 6.9" 5.6 

"'Tl(p,d) 

61 

(6) 

2.00 
1 94 
',85 

1.73 

1,62 

1.10 

0.95 

0.81 

0.72 

0'63 

<" 0,48 

~ 
0,1, 

(1,,1 R 

1 0.57 ms-t..:...---'---''--..L-:;r--
202TJ 81 

25 ps,-=----'-----'t-"""" .... 

12.2 d .... 21o-___ ..... ...I--011..-

2g~TJ 

2giTl 
6: -25.9881.!ANDT 19175(77)1 
I: 2A8!BAPS3319(56)1 
¥: EC !PCom 36 490(40), ZP I 19602(42)1; ~+ 

jPR 79 1014(50)1 
l,/>, 12.232d !II,026403(75)1; 12.41d !NP7581(66)1; 12.0ld 

!PhCO 231056(57)1; 12.5025d !JINC352139(73)1; other.: 
!PR 66 565(52), PR 79 1014(50), PR 60 619(41)1 

Cla •• : A' tdent: chern, excit Ipeam 36 490(40)i PR 60 619(41 H 
Prod: ,a'H9(d,2n) !PCom 36 490(40)1; ,oIH9(d,n) !Phco 25326(59)1; 

,o'rl(d,l) !Phco 25 326(59)1 
7: 0.439561, 0.520137Ce(Li} !II,o 26 403(75)1 

0.43942, 0.5203J, 0.9597. Ce(Li) !100-17222(67)1 
(norm: 10.440 (')' 911%), from level sChe~e. REP> 'YO.~40 

(t,. 1 00),. )'0.520 (t,. 1.0.1), 10.960 (t,.O. 13J) SCI nt, SClnt-SClnt 

)')' coine !NP 75 81(66)l < 

0.4391. (K/l,.,/l, 3.3/1/0.29) mag COM !PR 92918(53)1 
Hg LX (t,.I.866), Hg KX (t,1002), )'0:440 (t,.'00J', eK/.., ~.034. 

K/L 2.7) mag cony, scinto ion ch iPhco 231056(57). 
Phco 22 208(56)1 . 

10.440 (ty'OO. tK 100). )'0.960 (t,.0.074.5. tKO.OI331J) mag 
cony, scint iNP 62 337(65}l 

10.4"0 (t,.100), 1'0,520 (t)'I'tIQ.1), )'0.960 (t,.O. 1 OJ) scint, 
sc/nt-scint)'}' caine lArkF 17 337(60)! 

')'0.440 (t,.'00), )'0.520 (t.,.0.4106), )'0.960 (t,O.0538) scint, 
scint-scint }')' coine {Phea 25 326(59)1 

others:!NP A 164 157(72), Nuoe 51 Ov 14 509(59)1 
77(9): !Pl 268 374(68)1 

t1/ a(O.950):570 10).4S· !CEA-R-2900(66)!, 56510).45 delay cainc 
!NP 6' , 29{65)!. 58525).45 delay cainc !pR" 2 1958(58)!, 
60020", !NPA241135(75)1, 60822"' !NPA102534(67), 
OesS 175p2 16.3(66)1, 5.3615)JS delay cainc 
!JINC 35 2139(73)}; others: !ZETF 451344(63), 
AekF 12237(57), PR 1011067(56)1 

EC(O): EC(l)/EC(~) 0.220clg !NP 75 81 (66)} 
EC(O.HO): EC(l)/EC(K) 0.1962 !NP 75 81(66)}; others: 

!NuoCS10v14509(59), Phco 25 .3.3.3(59), Phco 23 '056(57), 
PPSl69A 70(56), PR 96548(54), PR 79 1014(50)1 

EC(0.960): EC(l)/EC(K) 0.30520 !NP 75 81 (66)1; others: lAekF 17337(60)1 

2g~Pb 
6: -25.9421fjANDT 19 175(77)1 
¥: EC jPR 96 548(54)1 

tva: 1'::13xl05 y yield iPR96548(54Hi others: !PR 78191(50), 
PR 72 766(47)1 

Class: Ai Ident: chem, genet, mass spect iPR 96 548(54)i 
Prod: 'OJTI (d,3n) jPR 96 548(54)} 

tl/a(1evels): 1.383: 1.972 ns delay caine !lP A2BO 371 (77)1 •. 2.00 IS ns 
delay caine IArkF 14439(59)1 

2.208: 424 n5 delay caine INPA229 230(74H 

202gzPb 

6: -23.772/1 !ANDT 19 175(77)1 
¥: IT 90.5";, EC9.5";!PRC52107(72)1 

t,,>, 3p~2;3hI43~(~k:)I'2 237(57)1; othera: !Phco 20 ~21(54), 

ct •• s: Ai Ident.: chem, excit IPhco 20521(5~), PR9.314.3.3(54)f; 
. chem, moss spect iNP 3 513(57)1 

Prod: ,o'rl(d,3n) !Phco 20 521 (54), PR 93 H33(54)1; ,o'TI(p,2n) 
!PR C5 2107(72)1 

),wlthEe: (intensities relative to·f)100 for ")'0.787 (with IT» 0.14855'5 
(f)0.4515, cK/")' 2.9, K/L 6.' 12), 0.211927 (f) 1.5..1, 
e,,/y0.14), 0,2411 I (hO.202, K/l,+,/l, 18J/l0/4.05), 
0.3355510 (t 0.45 TO, eK/y 0.23, K/l ~5), 0:389947 
(t,12.410, e,/rO.18, K/l6J), 0.459727 (t,17.310, 
ec/r 0.041, K/l,+,/l, 182/10/2.02), 0,490477 (t, 18.410, 
ec/yO.0073, K/l",/l, 39/1/10/1.2J),. 0.60195. (t,1.2I, 
eK/yO.016) Ge(U), mag conv, Ce(L,j-Ge(LI) }'}' caln.c 
!PR C5 2107(72), NP 3 513(57), Ph;1 ,h46 61(55), 
Phil ,7,4665(55), REDI ' 

ywlthIT: (norm: YO.422 (y 86T?'), from level scheme, RED) 0.124759 
(t 1.1 J), 0.1293 I (t 0.08J, ec/Y "700, K/L,/l,/l, 
<0.02/"'/1.9/1.0), 0.24031 (t,(ro.2<o+ro.,41(w;th EC» 
2.2J, fKO.312, K/l5.0t:), 0.41732 (t)0~82), 0.422126 
(f 1729, el(/yossumed 0.0.30, K/l'+-2/LJ .31-f/10/1.8J), 
0.1;476J (t,O.25., .,/Y 0.35, K/l,+,/l, 9cl/l 0/1. 7.), 
0.657496 (fr65J, edr 0.0053, K/l 5.57), 0.766996 (t,100, 
ed")' 0.079, K/L'+-2/lJ 1.31/10/~1), 0.95452 (f},2.0-f), 
0.9607015 (f,.18415, el(/")' 0.0056, K/l'+-2/lJ 548/tO/~. 7) 
Ge(Li), mag COM, Ge(U)-Ce(U) }'}' coinc, mag-mag ee 
co;nc !PR C5 2107(72), NP 3 513(57), REDI 

"0.422 (cK/y 0.0.322), 10.787 (eK/y O.OBB-f) semicond-scint e")' 
co;nc !NP 56 669(64)1 

(intensity relotive to t
J
' 00 for YO.787) 1.3828.5 (t-.;6.4IX 1 0-4 , 

K/l3.47) Ge(U), Si(U cony IPR C12 .3.38(75). REDt _ 
7: other.: !AekF 11 105(56), Phco 20 521 (54), PR 931433(54)1 

Fig. 3b XBL 786-9446 
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of R. A. Meyer, are the first such tables to present y-ray energies 
based on the new "gold standard,"4 the 411.80441 15 keY transition 
in 198Au decay. 

Appendix IV has been added to include information on half-thicknesses 
for y-ray absorption and on the range and stopping power for absorption 
of electrons and various nuclei (protons through 136Xe) in different 
stopping media. 

Appendix VII is an updated version of the Table of Nuclear Moments5 
published in 1975. This table will continue to be updated (production 
is computerized), and future editions will appear at 2- or-3-year 
intervals. It is expected that the seventh edition of the Table of 
Isotopes will be the last in the series started in 1940. The project 
is now part of the U.S. Nuclear Data Network (NON) and is compiling 
mass chains for inclusion in the Evaluated Nuclear Structure Data 
File (ENDSF) and for pub 1 i cat ion in the Nuc 1 ear Data Sheets. The 
compilation and evaluation of mass chains A = 146-152 and A = 163-194 
has been assigned to LBL -as a principal responsibility. . 

The project has just completed the Nuclear Wallet Cards6 on behalf 
of the NON. This 84-page "shirt-pocket" booklet contains tables of 
nuclear properties, elemental properties, fundamental constants, and 
energy conversion factors. The data presented in the nuclear properties 
table are adopted values from the seventh edition of the Table of 
Isoto~es, and include spin and parity assignment, mass excess, half-
11felevel widths are given for particle-unstable nuclides), natural 
abundances, and decay mode. The NON plans to update the wallet cards 
on a 4-year cycle. 
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B. RADIOISOTOPE DATING WITH THE 88-INCH CYCLOTRON* 

t R. A. Muller, E. J. Stephenson, and T. S. Mast 

Since July 1976, we have been studying and developing the potential 
of the 88-inch cyclotron for radioisotope detection and dating. 1-4 
This cyclotron is much larger and more powerful than required for 
dating, but its flexibil ity and abil ity to tune rapidly to accelerate 
almost any isotope has enabled us to study several different applications. 
We now have demonstrated the sensitivity of using the cyclotron for 
the detection at natural concentrations of tritium, beryllium-lO, 
carbon-14, and chlorine-36. 

The key feature that allows direct detection of low-level radio­
nuclides is the high energy of the emerging beam, which a110ws particle­
identification techniques to be used on an atom-by-ato~ basis. Without 
such particle identification, direct counting is· impossible because 
unstr ippedbackground-~ions -with-~thesame-char-ge.,.to';'mass~ ratio. always 
appear in the beam. For carbon-14 the main background is nitrogen-14. 
In order to apply the particle identification techniques the nitrogen 
beam intensity must be reduced to the level which will not damage 
or cause pile-up in the silicon detectors. When tandem accelerators 
are used for radiocarbon dating5 this reduction occurs in the negative 
ion source~ For the cyclotron we have developed a technique that 
achieves the required reduction after acceleration. We have built 
and used for this purpose a simple gas cell which completely stops 
the nitrogen beam wh i.l e all owi ng the carbon-14 atoms to pass. 

The separation technique makes use of the fact that the range of 
carbon-14 atoms is approximately 30% longer than that of nitrogen-14. 
Uniformity of the stopping material is essential to ensure the minimum 
range-straggling for the nitrogen ions. The best material we have 
found to meet this requirement is gas, separated from the cyclotron 
vacuum by a thin window. We found that 1/3~ of gold foil will support 
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1 atm of pressure difference if supported by a grid with gaps no larger 
than 1/3 mm (Fig. 1). Gold and platinum are convenient window materials 
because their high atomic number Z inhibit nuclear charge-exchange 
interactions which can generate spurious carbon-14 atoms. For the 
same reason, xenon was chosen for the gas. 

With the xenon gas cell we were able to eliminate completely 
10 nA of 14N ions. A plot of the nitrogen penetration as a function 
of xenon pressure is shown in Fig. 2, measured using a single particle 
detector. The curve shows discrimination to a level of 10-9; in several 
hours of coincident detection using both ~E and total E detection, 
not a single nitrogen event perturbed the xenon cell, implying ~ 
discrimination factor for the coincident system better than 10-14• 

Fig. 1. The thin foil separating the xenon in the range cell from 
the vacuum of the cyclotron is supported ona tungsten grid, with 
hexagonal openings 0.33 mm in diameter. This grid is only 25 11 thick, 
and is supported in turn by a heavier 100 11-thick tungsten grid with 
hexagonal openings 0.1 mm in diameter. The entire structure gives 
a clear aperture of 65%, over which 0.3 11-thick gold foil can support 
a 1-atm pressure difference. 

(XBL 781-163) 
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Fig. 2. Nitrogen-14 transmission through the xenon cell as a function 
of xenon pressure. The nitrogen-14 was detected with a single ionization 
chamber with a threshold energy loss of 0.8 MeV. When coincident 
detectors were used, the discrimination against nitrogen was found 
to be better than 1014 • 

(XBL 783-2411) 

For the range separation performed in the original tritium 
experiment1 a single piece of aluminum foil was used. Because of 
the low level of background 3He and its much shorter range than 3H, 
non-uniformities in the foil were not critical. For beryllium-l0 
a solid foil is probably acceptable; for our measurements the xenon 
cell was used. For chlorine-36 the high uniformity of the xenon 'Cell 
is essential. The "thickness" of the cell in milligrams per cm2 can 
be adjusted remotely by changing the pressure of the x~non gas. The 
range-separation technique should prove to be valuable for those using 
tandems as well as cyclotrons. 

Except for the case of carbon-14, the levels of background 
radioisotopes in real time from nuclear charge exchange reactions 
may, however, prove to be the ultimate limit to the cyclotron approach. 
For carbon-14 our sensitivity at pr~sent is limited by a high level 
of carbon-14 within the graphite-lined tank of the 88-inch cyclotron 
produced from years of scraping deuteron beams. The level of this 
carbon, which finds its way into the ion source during a run, has 
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varied from 1/3 to several times the level ofcarbon-14 in the sample 
being measured. We have made dates in spite of this background by 
rapidly switching sample gases to allow the comparison of the unknown 
with a blank and a reference standard. The results of a blind 
measurement2,3 of a sample are shown in Fig. 3. In this run the measured 
age (in radiocarbon years) was 5900 ±800, with the large error dominated 
by the statistics of the background subtraction. The Rochester tandem 
group has a similar background; their ability to measure dates as 
old as forty thousand years is a reflection of the fact that their 
background is about a factor of ten lower than ours. 

In the carbon-14 measurements the carbon was conveniently introduced 
to the jon source in the form of C02 gas. The efficiency for acceleration 
of the 14C3+ ions could be varied between 10-5 and 3 x 10-4; in a 
typical run it was 3 x 10-5. 

Fig. 3. The 14C/14N ratio as a function of time, for a blind sample. 2,3 
The carbon-14 was measured with an ionization chamber, silicon-detector 
telescope. The. nitrogen-14 was measured by integrating the current 
from slits which collimate the beam soon after it emerges from the 
cyclotron and well before it enters the xenon gas cell. Three samples 
were alternated: one of known age 465 years; a sample known to contain 
no carbon-14; and the unknown. The fit corresponds to an age of 5900· 
years, where the' "standard" radiocarbon half-life of 5570 years has 
been ass umed. 

(XBL 7712-11088) 
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We have made nearly a dozen successful "nonblind" tests,· and 
the successful "blind" test shown in the figure. More recently, 

.. however, we made a blind measurement in which our answer differed 
'" greatly from the answer achieved by decay-dating: we misestimated 

the age of an 8,000-year old sample dated by Rainer Berger to be 
18,000 years old. This was the only collagen sample we have'measured, 

,~ and we suspect that impurities in the C02 affected the performance 
of the fon source, changing the level of background appropriate to 

:t;' 

·subtract. The best hope for the elimination pf such systematic errors 
lies in the elimination of the background. The easiest way to achieve 
this will be to use an external ion source which can pre-accelerate 
the ions to tens of keV before they enter the contami nated tank of 
the cyclotron. The design and construction of such a source is now 
under, way,.and we expect it to be operational later this year. 

In our lOBe measure~ents no comparable background has been detected. 
We have measured 10Be/9Be ratios in beryllium metal at the 10-9 level, 
comparable to that expected in sea floor .sediments. We ob'served 800 
lOSe per second in our detectors, and the background was 'less than 
one ·count in five minutes. Our sensitivity for lOBe is ·better than 
lO~l4, justifying all the optimism expressed in Ref. ·1. A comparable 
sensitivity was achieved when BeO was substituted for beryllium metal 
in ~ur Penning Ion Gauge (PIG) sputter source, but we have not yet 
achieved an accurate date with BeO. 

Accurate lOBe dating will require rapid cycling between samples 
of known and unknown concentrations. Since the samples are presently 
introduced in the back insert of the PIG source they cannot now be 
readily changed in the internal ion source. The new external ion source 
will allow this rapid cycling. 

For 36Cl our demonstrated sensitivity is 10-12 for the ratio· 
36Cl/Cl. This sensitivity is sufficiently good to make'36Cl an attractive 
tool for measuring the age of water in potential nuclear waste storage 
sites, useful in determining the geologic isolation of the deep site 
from the surface. 

After only one and a half years of development, the accelerator 
approach has already proven its potential for several radioisotopes. 
Except for the case ofcarbon-14, there have been no unantjcipated 
backgrounds, and we are optimistic that the full predicted l sensitivity 
of the accelerator approach will soon be utilized. 
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C. ISOMERIC STATES IN 212Bi* 

P. A. Baisden, R. E. Leber, M. Nurmia, J. M. Nitschke, M. Michel, 
and A. Ghiorso 

During a search for superheavy elements via the reaction of 48Ca 
with 248Cm we discovered several alpha lines around 10 MeV with a 
half-life of 25 ± 1 min. 1 In addition, a line at 11.66 MeV was observed 
and found to contain a longer-lived component of 9 ± 1 min in addition 
to the expected 45-sec half-life of 212mpo.2 Both activities could 
be produced by the bombardment of 208Pb with 40Ar, and also from 238U 
with a variety of projecti les such as 40Ar, 48Ca and 136Xe. 

A spectrum of a source obtained by irradiating 238U with 40Ar 
followed by electrolytic dissolution and extraction of the Bi-Po-At 
fraction into diphenylthiocarbazone-CC14 at pH 2.5 is shown in Fig. 
1; the doublet at 6.3 MeV was found to decay with the same 25-min 
half-life as the group at 10 MeV. 

The 25-min activity was found to follow the chemistry of Bi through 
the technique of residue adsorption or chemisorption3 and its mass 

l' 
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number was found to be'212 in three isotope separation runs made with 
chemically separated samples using the LBL Isotope Separator. Our 
studies indicate that this isomeric sta~e, 212m1Bi, decays both by 
alpha emission to 208T1 and by beta emission to excited ll:!vels in 
212Po, followed by the emission of "long-range" alpha particles to 
the ground state of 208Pb. 

10
4 

212Si 48Ca + 238U 

103' 6.297 
6.336 

Bit Po, At fraction 

a; 
c: 
c: 
0 
.t: 
o 102' 211Si !Ii a. 10.105 

~ 10.220 
:::J 
0 
u 101 

100 
6 1 8 9 10 II 

-E(MeV)-

Fig. 1. Alpha spectrum of the Bi, Po and At fraction from 48Ca + 
238U. Geometry 20%, resolution, FWHM = 25 keV. (XBL 783-332) ,I 

The fact that an isomeric state should .exist in 212Bi is' suggested 
by analogy with the.9-isomeric.,state in 210BL4-7The configuration 
of 212B;;\ hrh9I2)(v99/2)3, differs from that of 210Bi, (nhgl2)(v99/2), 
in that ~12Bi has two additional 99/2 neutrons. Shell-model studies 
have been carried out on the ground state and low-lying states of 
the configuration (nh9/2)(v99/2) of 210Bi by Kim and Rasmussen. 8 Their 
calculations, which are in excellent agreement with the experimental 
observations of Motz et al.,9 indicate the level responsible for the 
isomeric state is a 9- state located at 268 keV. Therefor,e, we suggest 
an analogous 9- spin for the isomeric state in 212m1Bi. 

Detailed shell-model calculations of the excited levels of 212po 
have been made by several authors. In one such calculation Glendenning 
and Harada, allowing for configuratiQn mixing, predicted a state with 
In = 18+ to explain the 45-second 212mpo.10 Their results also indicate 
the possibility of another isomeric state J = 10-12 at an. excitation 
energy of 1.2 MeV. On the other hand, calculations by Auerbach and 
Talmi, assuming no configuration mixing, indicate a spin of 16 for 
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212mpo.11 Likewise, their calculations also suggest a second isomeric 
state, however, of lower spin, around J = 8-10. 

It is reasonable to assume that since the first excited state 
of 208Pbis 2.6 MeV above the ground state, the 10-MeV group decays 
to the ground state of 208Pb. This would place the levels in 212po 
responsible for the 10-M.eV transitions at an excitation energy of 
1.1 to 1.5 MeV. These levels are consistent with either of the shell­
model calculations mentioned. 

As a test for the assumption of a 9- isomeric level in 212Si, 
one would expect a log ft value of 6-9 (first forbidden transition) 
for a beta decay from a9- to either an 8+ or 10+ state in 212po. 
In view of the possibility of gamma decay the ratio of alpha transitions 
from the 9- state yields a lower limit of 7% for the beta branch to 
212po. The resulting upper limit of 6.8 for the log ·ft value is then 
compatible with the spin assignment of 9- for 212m1Si. 

We were unable to obtain a definite elemental or mass assignment 
of the 9-min activity in the chemisorption and isotope separation 
experiments but we did find out that it is coprecipitated with CuS 
from an acidic solution. Since our 48Ca + 248Cm work showed that 
it is genetical1~12e1ated to the 45-sec 212mpo, it could, in principle, 
be an isomer in At, 212po or 212Si. The first possibility was 
eliminated when we observed that we could volatilize the 211At_211po 
activity away from our sources while the 9-min and 25-min activities 
remai ned. 

In their discovery work on 212mpo, Perlman et al. 2 irradiated 
a lead oxide target with 116-MeV lIS ions and separated a Po fraction 
by a combination of volatilization and cation exchange. They found 
that ratio of the 211po and 212mpo activities was not changed by the 
chemical procedure if the latter was assumed to have a half-life of 
45 seconds; this apparently rules out the possibility that the 9-min 
activity is another isomer in 212po feeding the 4S-second state. 
It is also difficult to postulate a second'isomer in 212po that would 
decay into the known 212mpo and yet have the required long half-life 
against alpha decay. 

The remaining possibility, that the 9-min activity is another 
isomeric' state in 212S; which beta decays into 212mpo, ~r~ears quite 
plausible. If one breaks the pair of 99/2 neutrons in Si and recouples 
the four particles outside the 208pb core to maximum spin, a lS-stat.e 
is obtained. 12 We consider this state in 212Si the most likely explanation 
of the 9-min activity; a consequence of this assignment would be that 
the spin of 212mpo would be 16 as suggested by Auerbach and Talmi. 11 
A decay scheme of the two isomers is shown in Fig. 2. 

... 
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Fig. 2. Tentative decay. scheme for isomeric states in 212Bi. Relative. 
alpha intensities are given in parentheses after the alpha energies. 
Other pertinent information shown, which was not explicitly determined 
in this work, was ,taken from Ref. 13. (XBL 783-330) 

In conclusion we have shown evidence for the existence of two 
isomeric states in 212Bi. Since these isomers are made in a variety 
of heavy reactions with heavy targets, the high energy alpha particles 
associ ated with their decay may be present in experiments aimed at 
the synthesis of superheavy elements. The possibility is accentuated 
by the fact that Bi is a homolog of element 115 and will follow the 
chemistry of the eka-Pb group of the superheavy elements. 

Acknowl edgments 

The authors would like to thank Dr. R. Eggers for his help in 
the more recent phases of this work. We would also like to thank 
Mrs. Di ana Lee and Miss Bonner Nishida for their help with the data 
acquisition. 



-16-

Footnote and References 

*Condensed from LBL-7708; also, published in Phys. Rev. Lett. 41, 
738 (1978). . 

1. A. Ghiorso, 173rd American Chemical Society, National Meeting 
(New Orleans, Louisiana, March 1977). 

2. 1. Perlman, F. Asaro, A. Ghiorso, A. Larsh and R. Latimer, Phys. 
Rev. 217, 917 (1962). 

3. H. W. Kirby, J. Inorg. Nucl. Chern. 35, 2043 (1973). 

4. J. R. Erskine, W. W. Buechner andH. A. Enge, Phys. Rev. 128, 
720 (1962). 

5. E. H. Spejewski, Nucl. Phys. A 100, 236 (1967). 

6. R. C. Lange, G. R. Hagee anp A. R. Campbell, Nucl. Phys. A 133, 
273 (1969). 

7. D. G. Tuggle, Ph. D. Thesis, University of California, LBL-4460. 

8. Y. E. Kim and J. o. Rasmussen, Nucl. Phys. 47, 184 (1963). 

9. H. T. Motz, E. T. Jurney, E. B. Shera and R. K.Sheline, Phys. 
Rev. Lett. 26, 854 (1971). 

10. N. K. Glendenning and K. Harada, Nucl. Phys. 72, 481 (1965). 

11. A. Auerbach and J_. Talmi, Phys.Lett. 10,297 (1964). 

12 •. This was also independently pointed out to us by C. M. Lederer, 
Lawrence Berkeley Laboratory. 

13. C. M. Lederer, J. M. Hollander and 1. Perlman, eds., Table of 
Isotopes, 7th Edition (John Wiley and Sons, Inc., New York, 1978). 

,-



.J 

-17-

D. NEW EXPERIMENTAL INSIGHTS INTO THE PRODUCTION ,OF SUPERHEAVY ELEMENTS 
USING HEAVY ION REACTIONS* 

R. J. Otto, D. J. Morrissey, G. T. Seaborg, and W. D. Lovelandt 

Attempts at the Lawrence Berkeley Laboratory to produce superheavy 
elements (SHE) using the reactions of 48Ca with Z48Cm and l36Xe with -
238U have been unsuccessful. These negative results have led us to 
consider the possibility that these reactions (and their associated 
mechanisms) do not lead to the formation of superheavy nuclei with 
sufficiently low excitation energies. Consequently, the number of 
surviving atoms of superheavy elements is well below our detection 
thresholds even with using relatively low estimates for prompt fission 
losses. A surrmary of some new experimental evidence, supporting the 
above hypothesis, is presented and possible alternative heavy-ion 
heavy-target combinations are suggested for SHE synthesis. 

We have considered several possible reasons for negative results 
in the synthesis and,identification of superheavy elements obtained 
at heavy- i on accelerator 1 aborator i es around the wor 1 d. ,Due to the 
limited choice of targets above uranium, projectiles heavier than 
40Ar have been used. However, for projectile ions near and above 
the mass and charge of 40Ar, quasi-elastic transfer and deep-inelastic 
transfer comprise a significant fraction of the total reaction cross 
section. The deep-inelastic transfer reaction has many characteristics 
that tend to obscure the observation of the complete fusion and compound 
nucleus-fission reactions. As a result, previous measurements of 
the fraction of the total reaction cross section corresponoing to 
complete fusion can-only be taken as upper Hmits. Furthermore, mass 
and energy distributions associated with binary events from heavy-
ion reactions for example, 40Ar + 2381,.1. (Ref •. l) or 40Ar + 243Am 
(Ref. 2) in which complete fusion was assumed to occur, cannot be 
safely interpreted as corresponding to the fission of a compound nucleus. 

A recently developed differential recoil range method3 can be 
employed to further test this broad role of the deep-inelastic transfer 
process in the. production of a wide range of products from bombardments 
with 40Ar and similar ions. This method has been used to deduce the 
general shapes of angular distributions of products ranging from 
approximately one-half the mass of the compound composite system to 
products near the target. 4 These recoil range distributions from 
the reaction of 250 MeV 40Ar with 238Uwere correlated with a trend 
in the angular distribution of the projectile-like fragment as a function 
of ~z similar to the trend observed in the 40Ar + 197Au reaction. 5-9 
This is a trend that has been interpreted as evidence for vie~ing the 
deep inelastic reaction mechanism as a dynamical diffusion process.6,7,9 
Complete fusion is ruled out for products with backward- or forward-
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peaked angular distribution since the 1/sin8 -type angular distribution 
is expected for such a process. 

These data indicated that non-complete fusion (and non-compound 
nuclear) processes accounted for an unexpectedly large portion of 
the mass distribution of the 48Ca + 238U reaction and, of the broad 
symmetric, previously labeled "fusion-fission,1I mass distribution 
of the 40Ar + 238Ureaction.1 Again, we can see that earlier work 
on the 40Ar + 238U system may have overestimated the cross section 
due to complete fusion processes. Thus we conclude that the use of 
48Ca as a projectile with heavy targets, considered a hopeful approach 
for the production of SHE1s, must actually result in a much smaller 
production of compound nuclei than had been anticipated. 

For ions heavier than argon, complete fusion-fission rapidly 
decreases, eliminatin~ the possibility for production of SHE fission 
fragments in such reactions as krypton, xenon or uranium with uranium. 
In spite of the larger contribution from deep-inelastic transfer reactions, 
some complete fusion and compound nucleus formation is expected to 
occur in the 48Ca + 248Cm reaction. However, use of the proximity 
potential modellO and the Bass model 11 ,12 predicts complete fusion 
thresholds 10 to 15 MeV higher than the interaction barrier, and the 
work of Saint-Simon et al. I3 using the similar reaction 40Ar + 238U 
provides experimental evidence for such an effect. 'As a result the 
minimum attainable excitation energy for the compound nucleus (~96116) 
results in large prompt fission losses putting the SHE production 
level below the present experimental level of sensitivity. 

For the 136Xe + 238U reaction, the probabi 1 ity of transferring 
the required number of protons and neutrons to reach the SHE region 
appears to be unacceptably low. This conclusion is supported by a 
study of the reaction of 136Xe and 160Gd.14 The reaction 
160Gd(136Xe;84Kr n1s,)212Pb requires the transfer of 18 protons and 

·34 neutrons to 160Gd from the 136Xe projectile. This i~ the number 
of protons and neutrons required in a transfer from 136Xe to 238U _ 
to make (290110) which is predicted to be in the lIisland of stability.1I 
Using a radiochemical separation procedure, an upper limit of 
2 x 10-34 cm2 was observed for production of 212pb in the reaction 
of 1150 MeV 136Xe with a thick natural Gd target b21 •9% 160Gd).14 
The upper limit cross section for the reaction 16 Gd(136Xe;84Kr,n 1s)212Pb 
is therefore 1 x 10-33 cm2 or 1 nb. The 1 nb limit was applied to 
a similar or greater number of nucleons transferred from 136Xe to 
238U by assuming that less than 10% of the Pb fragments fissioned 
and that the nucleon diffusion r9tes and the inter~ction times are 
nearly the same for the 136Xe + 160Gd and 136Xe + 238U reactions. 
It was pointed out that this limit is consistent with the theoretical 
prediction that the cross section for transfer of -60 nucleons in 
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, . 
the Xe + U reaction is about 1 nb. 15 Figure 1 surnnarizes the results 
of this work. The cross section for SHE production is estimated to 
be ~4 x 10-36 cm2• 

136Xe + 160Gd ~ 212Pb + 84Kr + n's 
54 64 82 36 

a ~ 1 X 10-33 cm2 
DIT 

Transfer to target (Ap = 18, An = 34) 

Loss by Fission? 

Fig. 1. An upper limit cross section for the production of SHEls 
in the 136Xe + 238U reaction based on the experiments using the 136Xe 
+ 160Gd reaction. Values of x = 4 and [rn/(rn+rf)J4 = 4 x 10-3 were 
used.14, (XBL 789-11116) 

The possibility remains that transfer reactions using very heavy­
ion projectiles such as 197Au, 208Pb,' 238U, or 244pu with 254Es or 
257Fm targets could lead to the production of SHE nuclei at relatively' 
low excitation energies. ' . 

Recent studies of the 238U '+ 238U reaction at Gesellschaft fur 
Schwerionenforschungl6 ,17 show that, for a given average width in 
the charge dispersion (mass dispersion), the energy damped into internal 
excitation energy is less than in Xe transfer reactions. 18,15 Such 
an observation can be interpreted as supporting the idea that there 
should be significantly larger cross sections for the production of 
heavy transuranium elements in the reaction of U + U16 than in the 
Xe + U reactions. 19 Evidence for such an effect can be seen by making 
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a comparison of the yields of Cf and Es isotopes (~Z = 6 and 7, 
respectively) from these two reactions, where the cross sections for 
the production of the more neutron-excessive isotopes are 10 to 102 
times larger from the U +U reaction. 17 Such an effect suggests the 
use of a very heavy target such as 248Cm, 249Cf, 252Cf, 25~Es, or 
257Fm with a heavy-ion beam of 238U (or possibly 197Au,208Pb, or 
244pu) as a way to produce SHE's. Figure 2 shows a number of interesting 
transfer reactions. The 165Ho and 248Cm reaction shown first could 
be driven by the closed shell at Z = 50. However, the diffusion Brocess 
would probably favor symmetric division into two fragments near 2 8Pb. 

165Ho + 248Cm ~ 289(113) + 1248n 
67 96 176 50 

\ 

165Ho + 248Cm ~ 208pb + 205T1 
67 96 82 81 

238U + 238U ~ 255Fm + 221po a:::::; 10-33 
92 92 100 84 

Transfer (~p == 8, ~n = 9) 

254Es + 238U ~ 271(107) + 221po 
99 92 16484 

Transfer (~p = 8, ~n = 9) 

257Fm + 238U ~ 283(110) + 212Pb 
100 92 17382 

Transfer (~p =10, ~n = '16) 

Fig. 2. Hypothesized heavy-ion transfer reactions. Only the U+U 
reaction has bean shown to occur experimentally.17 No designation 
of emission of neutrons has been indicated. (XBL 789-11117) 

1...' 
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Based on the results with the U + U reaction17 studies at GSI 
to produce 255Fm9 an analogous reaction of 238U with 254Es is written -
to suggest the possibility of transfer reactions to produce elements 

~ near the SHE region ~ith reasonable cross sections. However 9 the 
formation of SHE's requires a transfer with a larger neutron-to-proton 
ratio9 as indicated in the reaction of 238U with 257Fm. It .is important 

f~ to note that the predicted st"ability of the products in the SHE region 
for these last two reactions varies from being unstable to having 
detectable half-lives. 20 921 Although such reactions would have many 
technical diffi culti es associ ated with them 9 these target- projectile 
combinations may provide a suitable reaction pathway to the formation 
of SHE's not available in the reactions that have been used up to 

• 

now. The success of these experiments rely on the transfer reaction 
mechanisms and on an extrapolation of broad Gaussian distributions 
of primary products (before fission) around the target nucleus extending 
from the millibarn region into the nanobarn region. Also the dis­
advantages of the extremely small amounts of 254Es and 25~Fm available 

.- may more than offset these advantages for their use. 
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